Background--Subclinical myocardial injury, as measured by high-sensitivity cardiac troponin T (hsTnT), and myocardial stress, as measured by N-terminal pro-B-type natriuretic peptide (NT-proBNP), are related to glycemic control in patients with type 2 diabetes mellitus, and are strong predictors of adverse cardiovascular outcomes. We sought to determine whether antihyperglycemic therapy improves measures of myocardial injury and myocardial stress in patients with type 2 diabetes mellitus.
P atients with type 2 diabetes mellitus (T2DM) have high rates of cardiovascular disease, and cardiovascular disease remains the most common cause of death in the T2DM population. [1] [2] [3] [4] Although a reduction in cardiovascular morbidity and mortality has been a major goal of therapy in patients with T2DM, therapeutic strategies focused on intensive glycemic control in these patients have largely failed to show a substantial impact on cardiovascular morbidity and mortality, at least in the short term. [5] [6] [7] [8] Circulating concentrations of cardiac troponin, a marker of myocardial injury, and natriuretic peptides (NPs), markers of myocardial stress, have emerged as powerful predictors of cardiovascular risk in stable patients with and without T2DM. [9] [10] [11] [12] [13] Both markers have also been associated with abnormalities in glucose metabolism. For example, minor elevations in glycated hemoglobin (HbA1c) in the prediabetic range are associated with elevations in cardiac troponin. 9, 14 In contrast, observational and Mendelian randomization studies suggest modest elevations in NPs protect against the development of T2DM. 15, 16 In addition to their role in promoting natriuresis, diuresis, and blood pressure, NPs have a number of favorable metabolic effects, including increased lipolysis and activation of brown fat. [17] [18] [19] Because of the associations between these cardiac biomarkers, glucose metabolism, and cardiovascular risk in patients with T2DM, we hypothesized that different strategies for glucose control might lead to clinically relevant changes in these markers of cardiac injury and cardiac stress. If a particular glucose control strategy could be identified that modified these markers of important myocardial pathophysiological processes, that same strategy might be one that could be considered as a means to reduce major cardiovascular event rates in these high-risk patients.
Methods
The data, analytical methods, and study materials will not be made available to other researchers for purposes of reproducing the results because of legal agreements with the sponsors. Individuals included in this study were enrolled in the LANCET (Lantus for C-reactive Protein Reduction in Early Treatment of Type 2 Diabetes) trial, a 292 factorial trial evaluating the impact of open-label insulin glargine and placebo-controlled metformin on inflammatory biomarkers in patients with recently diagnosed T2DM. LANCET was approved by the Brigham and Women's Hospital Institutional Review Board. Informed consent was obtained from all participants. The full trial design for LANCET has been described previously. 20 Briefly, LANCET enrolled 500 adults with T2DM, suboptimal glycemic control (baseline HbA1c 7-10%), and elevated high sensitivity C-reactive protein (hsCRP; ≥2.0 mg/L). Eligible participants were undergoing either nonpharmacological treatment or monotherapy with a sulfonylurea or thiazolidinedione at time of enrollment. Participants were randomized to placebo alone, placebo plus insulin glargine, metformin alone, or metformin plus insulin glargine and followed for 12 weeks. The primary end point of the trial was reduction in hsCRP, whereas the primary end point of this LANCET post hoc exploratory analysis was the change in cardiac troponin T and the change in the N-terminal fragment of pro-B-type natriuretic peptide (NT-proBNP). This study includes 438 patients from LANCET who had adequate fasting blood sample volume for measurement of cardiac troponin T and NT-proBNP at baseline (randomization, week 2) and at trial completion (week 14). Cardiac troponin T was measured using a high-sensitivity electrochemiluminescent immunoassay (hsTnT) with a limit of blank of 3 ng/L, a limit of detection of 5 ng/L, and an established 99th percentile of the upper reference limit in a healthy population of 14 ng/L (Roche Diagnostics, Indianapolis, IN). The 10% coefficient of variation is less than this value. 21, 22 In total, 93.2% of participants had hsTnT ≥3 ng/L. The 6.8% of participants with hsTnT values <3 ng/L were assigned a value of 2.9 ng/L before natural log transformation. The assay for NT-proBNP has day-to-day variability of 3.2%, 2.4%, and 2.2% at concentrations of 175, 434, and 6781 ng/L. HbA1c was estimated by turbidimetric immunoinhibition on packed red blood cells using the Hitachi 917 analyzer (Roche Diagnostics). The assay has day-to-day variability of 1.9% and 3.0% at values of 5.5% and 9.9%, respectively. Blood glucose measurements were made with glucometers (Accu-Chek Advantage; Roche Diagnostics) on capillary blood.
Statistical Analysis
Baseline characteristics of the cohort were compared across a individual randomized treatment arm using Kruskal-Wallis and chi-square tests for continuous and categorical variables, respectively. Baseline and end-of-study hsTnT and NT-proBNP values were compared using Wilcoxon signed-rank tests. The primary efficacy end point of this LANCET substudy was the percent change in hsTnT and NT-proBNP from baseline (2 weeks) to final study visit (14 weeks). Because of skewed distributions, natural log transformations were used for fasting glucose, postprandial glucose, glycated hemoglobin, hsTnT, and NT-proBNP. Changes in logs were converted to percent change for presentation. We utilized the primary comparison of the parent LANCET trial (random allocation to insulin versus no insulin; random allocation to metformin versus no metformin) as well as the secondary comparison of
Clinical Perspective
What Is New?
• Among patients with type 2 diabetes mellitus, randomly allocated therapy with insulin glargine for 12 weeks increases concentrations of N-terminal pro-B-type natriuretic peptide (NT-proBNP) by %20%, but does not appear to alter concentrations of high-sensitivity cardiac troponin T.
• Randomly allocated metformin did not alter concentrations of either NT-proBNP or high-sensitivity cardiac troponin T.
• The increases in NT-proBNP were independent of improvements in glycemic control, weight, blood pressure, or inflammation.
What Are the Clinical Implications?
• The etiology of the changes in NT-proBNP with insulin glargine therapy are unknown, but could reflect changes in sodium or fluid retention, or alterations in glucose metabolism.
• Whether the observed changes in NT-proBNP associate with an increased risk of congestive heart failure or other major cardiovascular events remains unknown.
• These results suggest that different antihyperglycemic agents have measurable impacts on myocardial biology beyond their effects on glucose, and raise the hypothesis that markers of myocardial stress and/or myocardial injury may have a role in guiding therapy in patients with type 2 diabetes mellitus.
each individual treatment arm to placebo (insulin glargine versus placebo, metformin versus placebo, and metformin plus insulin glargine versus placebo). Linear regression models of the log-transformed variables were used to evaluate the impact of treatment arm on percent change in fasting glucose, postprandial glucose, HbA1c, hsTnT, and NT-proBNP between randomization (week 2) and study conclusion (week 14). We also tested for the presence of an interaction between treatment groups by including a multiplicative interaction term in the model. Model 1 was adjusted for baseline biomarker level (hsTnT or NT-proBNP) and for baseline treatment stratum (baseline use of sulfonylurea or thiazolidinedione). Model 2 adjusted for the covariables in model 1 plus baseline age, sex, race, weight, body mass index, hypertension, cholesterol, history of myocardial infarction, history of heart failure, statin use, and aspirin use. Because the parent trial demonstrated significant differences in weight change during the course of the trial, 20 model 3 was adjusted for natural log-transformed change in weight from baseline in addition to the variables in model 2. Partial correlations between change in hsTnT or NT-proBNP and change in fasting glucose, postprandial glucose, HbA1c, weight, systolic blood pressure, or hsCRP over the study's duration were evaluated with partial Spearman correlation. Each correlation adjusted for baseline hsTnT or NT-proBNP and the baseline values of the correlates of interest, as well as for randomized treatment allocation. All statistical analyses were performed on SAS (software 9.2; SAS Institute Inc, Cary, NC). A level of significance of <0.05 was used for all hypothesis testing. Because of the post hoc, hypothesis-generating nature of the study, P values were not adjusted for multiplicity.
Results
Median age (Q1-Q3) and duration of diagnosed diabetes mellitus (Q1-Q3) at enrollment was 54.0 (47.0-62.0) and 2.0 (0.3-5.6) years, respectively. Median (Q1-Q3) hsTnT at baseline was 6.7 (4.6-10.1) ng/L, and 93.2% of the cohort had a hsTnT above the limit of blank (≥3 ng/L). At baseline, 13.5% of the cohort had an abnormal hsTnT (≥14 ng/L). Median (Q1-Q3) baseline NT-proBNP of the cohort was 35.4 (15.7-86.3) ng/L. Baseline characteristics of the cohort, stratified by treatment arm, are shown in Table 1 . No significant differences in baseline characteristics were observed across treatment arms.
We observed no significant differences in percent change in hsTnT at 14 weeks when patients randomly allocated to insulin glargine were compared with those randomly allocated to receive no insulin, or when those randomly allocated to receive metformin were compared with those randomly allocated to no metformin (Table 2 ). When each of the individual treatment arms was compared with placebo, we again observed no significant differences in the percent change in hsTnT concentrations after 12 weeks of therapy (Table 2) . We observed no statistically significant evidence of interaction between insulin glargine and metformin assignment and change in hsTnT.
In contrast, in adjusted models, percent change from baseline in NT-proBNP was larger (20.7% [95% confidence interval [CI], 7.9, 35.0; model 3]) in patients who were randomly allocated to receive insulin than the change observed in those allocated to no insulin (0.13% [95% CI, À10.8, 12.5; model 3]; P=0.03 for insulin versus no insulin comparison; Table 3 ). When each treatment group was analyzed individually, those groups randomly allocated to receive insulin had an increase in NT-proBNP after 12 weeks of therapy that was similar in magnitude to that observed in the insulin versus no insulin analysis. Specifically, in patients assigned to placebo plus insulin glargine, we observed a 21.4% (95% CI, 3.6, 42.3) increase in NT-proBNP, and in patients assigned to metformin plus insulin glargine, we observed a 20.1% (95% CI, 2.5, 40.7) increase in NT-proBNP. However, these changes were not significantly different from the percent change observed in the placebo group (4.7% [95% CI, À11.4, 23.9]). We observed no statistically significant evidence of interaction between insulin glargine and metformin assignment and change in NT-proBNP.
The observed changes in fasting plasma glucose, postprandial glucose, and HbA1c according to randomized treatment group were similar to those observed in the parent trial (Tables 4 and 5 ; Figures 1 and 2) . 20 We observed significant reductions in fasting plasma glucose, postprandial glucose, and HbA1c in the insulin glargine (versus no insulin glargine) and metformin (versus no metformin) treatment arms, even after adjustment for a number of possible baseline confounders, and for change in weight during the trial (Tables 4 and 5 ; Figure 1 ). The increase in NT-proBNP in the insulin glargine arm, and the lack of change in hsTnT in both arms, can also be observed ( Figure 1 ). In sensitivity analysis stratified by fasting insulin concentration and body mass index at baseline, we observed no evidence for heterogeneity of the effect of insulin glargine on NT-proBNP, and no evidence for a significant effect on hsTnT. Each of the 4 treatment groups is displayed individually in Figure 2 . The observed changes in NT-proBNP and hsTnT were not significantly correlated with changes in fasting glucose, postprandial glucose, HbA1c, weight, systolic blood pressure, or hsCRP over the duration of the study (Table 6 ).
Discussion
In this post hoc exploratory analysis of a randomized, placebocontrolled trial of insulin glargine, metformin, or the combination in patients with T2DM, we report that therapy with insulin glargine increases NT-proBNP by %20% during the course of 12 weeks of therapy. This change was not related to the substantial improvements in glucose control observed during the trial, nor was it accounted for by changes in weight, blood pressure, or hsCRP. By contrast, concentrations of hsTnT did not change significantly in any of the treatment arms, in spite of significant improvements in fasting and postprandial glucose and HbA1c. These findings represent an important evaluation of the hypothesis that improved glucose control can reduce subclinical myocardial injury in patients with T2DM. Ambulatory patients with T2DM have circulating concentrations of cardiac troponin T that frequently exceed the 99th percentile of the upper reference limit. In this population of patients with relatively recent-onset T2DM, that proportion was 13.5%. Higher proportions have been reported in other cohorts (eg, 39% in the BARI 2D [Bypass Angioplasty Revascularization Investigation 2 Diabetes] trial). 10 In patients with diabetes mellitus with and without established cardiovascular disease, cardiac troponin concentrations are a significant predictor of myocardial infarction, stroke, heart failure, and cardiovascular death. 9,10,23,24 As a result, there is considerable interest in identifying treatment strategies that might modify troponin concentrations and thus confer cardiovascular benefit. Our data suggest that glucose control with either insulin glargine, metformin, or the combination, at least over the relatively short-term follow-up of this trial, might be added to the list of interventions (including coronary revascularization and statin therapy) that do not appear to lead to clinically meaningful reductions in troponin concentrations. 10, 25 By contrast, we observed a 20.7% increase in NT-proBNP among patients randomized to insulin glargine. This change was independent of changes in glucose control, body weight, and systolic blood pressure. Patients with T2DM tend to be obese (the median body mass index in LANCET was Myocardial infarction, N (%) 7 (7) 10 (9) 9 (8) 7 (6) 33 (7.5)
History of heart failure, N (%)
Sulfonylurea use, N (%) 32 (31) 35 (31) 35 (33) 37 (32) 139 (31.7)
Thiazolidinedione use, N (%) 13 (13) 16 (14) 14 (13) 15 (13) hsCRP indicates high-sensitivity C-reactive protein; hsTnT, high-sensitivity cardiac troponin T; NT-proBNP, N-terminal pro-B-type natriuretic peptide. *Continuous variables presented as median (25th-75th percentile) and categorical variables presented as N (%). Continuous and categorical variables were compared across treatment arm using Kruskal-Wallis and chi-square tests, respectively, with no significant differences. 2 ), and obese patients have NT-proBNP concentrations that are 10% to 30% lower than the nonobese, perhaps because of the hyperinsulinemia and insulin resistance commonly observed in obese patients. 26, 27 Some have postulated that this natriuretic "handicap" might partially explain the susceptibility of obese and overweight individuals to salt retention, hypertension, and heart failure. 27, 28 We and others have published evidence that elevations in NPs are associated with decreased incidence of diabetes mellitus, 15, 29 and Mendelian randomization studies have suggested that these associations may be causal in nature. 16 Thus, the increases in NT-proBNP we observed with insulin therapy may represent a return of NP concentrations toward normal concentrations observed in nonobese patients. 26 However, this explanation would not account for the differences in effects of insulin glargine and metformin, or for the fact that the observed changes were independent of improvements in glucose control. Alternatively, insulin therapy is known to lead to sodium and fluid retention, thus leading to increases in myocardial wall stress and NP release. 30 If so, our observations may represent an early sign of cardiovascular hazard, particularly of heart failure, in susceptible patients. Whereas observational studies have reported an increased risk of heart failure among patients with history of heart failure and T2DM receiving insulin, 31 the ORIGIN (Outcome Reduction with an Initial Glargine Intervention) randomized trial of insulin glargine versus usual care reported a nonsignificant reduction in heart failure hospitalization for patients randomized to insulin (hazard ratio, 0.90; 95% CI, 0.77-1.05). 32 The absence of an effect of metformin on NT-proBNP in our study is notable, given its status as a first-line therapy for patients with glucose intolerance and newly diagnosed diabetes mellitus.
Whether the relatively substantial increase in NT-proBNP we observed in our study represents cardiovascular benefit or hazard remains unclear. In patients with T2DM in the UKPDS (United Kingdom Prospective Diabetes Study), glucose control with the combination of a sulfonylurea and insulin offered a cardiovascular benefit when compared with diet alone in longterm follow-up. 33 However, in patients with impaired fasting glucose, insulin glargine was not associated with any changes in cardiovascular event rates when compared with placebo in the ORIGIN trial. 32 Concerns about the effects of exogenous insulin on weight gain, hypoglycemic episodes, and cardiovascular risk remain, [34] [35] [36] and the effects of novel antihyperglycemic therapies on cardiovascular events is an important regulatory concern. 37 Recently, a number of novel antihyperglycemic therapies, such as the sodium-glucose cotransporter 2 inhibitor, empagliflozin, and the glucagon-like peptide 1 analogue, liraglutide, have shown significant and clinically meaningful reductions in the occurrence of major cardiovascular events. 38, 39 The effects of these agents on surrogate markers of myocardial stress (NT-proBNP) or injury (cardiac troponin) have not been well studied. One study has reported evidence that liraglutide leads to natriuresis without altering NP concentrations, and another has reported nonsignificant reductions in NT-proBNP concentrations in patients randomly allocated to liraglutide therapy. 40, 41 Data on the effects of these agents on cardiac troponin are scarce. Overall, markers of cardiovascular risk-such as NPs and cardiac troponinshave not been well evaluated as tools to help guide therapies, including glycemic control strategies, for patients with T2DM. 42 Our study has a number of strengths, including the random allocation of different antihyperglycemic therapies and the ability to compare insulin glargine to no insulin glargine and metformin to no metformin. Furthermore, the ability to compare each of the 3 active treatment arms (insulin glargine, metformin, or the combination) with a placebo arm is an important strength, but our statistical power for those comparisons was limited. Our conclusions on the effects of glucose control on circulating concentrations of hsTnT and NT-proBNP are limited by the relatively short duration of the trial. A more-sustained effort at glucose control might lead to improvements in hsTnT that were not observed within 12 weeks, although no changes were noted in the BARI 2D or LIPID (Long-Term Intervention with Pravastatin in Ischaemic Figure 1 . A and B, Impact of randomly allocated antihyperglycemic therapy on fasting glucose (red box), postprandial glucose (blue box), glycated hemoglobin (white box), high-sensitivity cardiac troponin T (orange box), and N-terminal pro-B-type natriuretic peptide (black box) by main treatment (A-insulin glargine vs no insulin glargine; B-metformin vs no metformin) group. Models adjusted for baseline biomarker, treatment stratum, age, sex, race, weight, body mass index, hypertension, cholesterol, history of myocardial infarction, history of heart failure, statin use, aspirin use, and change in weight from baseline. 95% confidence intervals for glycated hemoglobin are narrower than box presented, and so are not displayed. *Significant percent change from baseline.
† Significant percent change compared with no insulin group (A) or no metformin group (B).
Disease) studies after 1 year of follow-up. 10 , 25 We did not collect measures of renal function, urine microalbumin, New York Heart Association class, or a history of hypoglycemic episodes. We would anticipate that these covariates would be balanced at baseline by randomization across the 4 treatment arms of this study, as were the other baseline covariates described in Table 1 . Finally, the study was not designed to collect the occurrence of major cardiovascular events, such as myocardial infarction or heart failure, so we cannot relate the observed changes in NT-proBNP to end points that have more clinical relevance to patients.
Conclusions
In this ancillary study of the LANCET randomized trial, we found that insulin glargine led to an %20% increase in concentrations of NT-proBNP after 12 weeks of therapy compared with little change in noninsulin groups. No changes in NT-proBNP were observed with randomly allocated metformin therapy, and no changes in hsTnT were noted in any of the treatment arms. None of the observed changes in NT-proBNP were related to improvements in glucose control, weight, systolic blood pressure, or markers of inflammation. Whether the observed changes in NTproBNP associate with changes in cardiovascular risk, as well as the biological mechanisms underlying the changes, Figure 2 . Impact of randomly allocated antihyperglycemic therapy on fasting glucose (red box), postprandial glucose (blue box), glycated hemoglobin (white box), high-sensitivity cardiac troponin T (orange box), and N-terminal pro-B-type natriuretic peptide (black box) by individual treatment group. Models adjusted for baseline biomarker, treatment stratum, age, sex, race, weight, body mass index, hypertension, cholesterol, history of myocardial infarction, history of heart failure, statin use, aspirin use, and change in weight from baseline. *Significant percent change from baseline. † Significant percent change compared with placebo alone group. Hb1AC indicates glycated hemoglobin; hsCRP, high-sensitivity C-reactive protein; hsTnT, high-sensitivity cardiac troponin T; NT-proBNP, N-terminal pro-B-type natriuretic peptide. *Partial correlations adjusted for baseline hsTnT or NT-proBNP, baseline values of correlates of interest, and for randomized treatment assignment. None of the correlations were statistically significant (each P≥0.12).
remains unknown. These results suggest that different antihyperglycemic agents have measurable impacts on myocardial biology beyond their effects on glucose, and raise the hypothesis that markers of myocardial stress and/ or myocardial injury may have a role in guiding therapy in patients with type 2 diabetes mellitus.
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